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A long-term N fertilizer gradient has little effect on soil organic matter in a
high-intensity maize production system.
Abstract
Global maize production alters an enormous soil organic C (SOC) stock, ultimately affecting greenhouse gas
concentrations and the capacity of agroecosystems to buffer climate variability. Inorganic N fertilizer is
perhaps the most important factor affecting SOC within maize-based systems due to its effects on crop
residue production and SOC mineralization. Using a continuous maize cropping system with a 13 year N
fertilizer gradient (0–269 kg N ha−1 yr−1) that created a large range in crop residue inputs (3.60–9.94 Mg dry
matter ha−1 yr−1), we provide the first agronomic assessment of long-term N fertilizer effects on SOC with
direct reference to N rates that are empirically determined to be insufficient, optimum, and excessive. Across
the N fertilizer gradient, SOC in physico-chemically protected pools was not affected by N fertilizer rate or
residue inputs. However, unprotected particulate organic matter (POM) fractions increased with residue
inputs. Although N fertilizer was negatively linearly correlated with POM C/N ratios, the slope of this
relationship decreased from the least decomposed POM pools (coarse POM) to the most decomposed POM
pools (fine intra-aggregate POM). Moreover, C/N ratios of protected pools did not vary across N rates,
suggesting little effect of N fertilizer on soil organic matter (SOM) after decomposition of POM. Comparing a
N rate within 4% of agronomic optimum (208 kg N ha−1 yr−1) and an excessive N rate (269 kg N ha−1 yr−1),
there were no differences between SOC amount, SOM C/N ratios, or microbial biomass and composition.
These data suggest that excessive N fertilizer had little effect on SOM and they complement agronomic
assessments of environmental N losses, that demonstrate N2O and NO3 emissions exponentially increase
when agronomic optimum N is surpassed.
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Abstract 
Global maize production alters an enormous soil organic C (SOC) stock, ultimately affecting 
greenhouse gas concentrations and the capacity of agroecosystems to buffer climate variability. 
Inorganic N fertilizer is perhaps the most important factor affecting SOC within maize-based 
systems due to its effects on crop residue production and SOC mineralization. Using a 
continuous maize cropping system with a 13-year N fertilizer gradient (0-269 kg N ha-1y-1) that 
created a large range in crop residue inputs (3.60-9.94 Mg dry matter ha-1y-1), we provide the 
first agronomic assessment of long-term N fertilizer effects on SOC with direct reference to N 
rates that are empirically determined to be insufficient, optimum, and excessive. Across the N 
fertilizer gradient, SOC in physico-chemically protected pools was not affected by N fertilizer 
rate or residue inputs. However, unprotected particulate organic matter (POM) fractions 
increased with residue inputs. Although N fertilizer was negatively linearly correlated with POM 
C/N ratios, the slope of this relationship decreased from the least decomposed POM pools 
(coarse POM) to the most decomposed POM pools (fine intra-aggregate POM). Moreover, C/N 
ratios of protected pools did not vary across N rates, suggesting little effect of N fertilizer on soil 
organic matter (SOM) after decomposition of POM. Comparing a N rate within 4% of 
agronomic optimum (208 kg N ha-1y-1) and an excessive N rate (269 kg N ha-1y-1), there were no 
differences between SOC amount, SOM C/N ratios, or microbial biomass and composition. 
These data suggest excessive N fertilizer had little effect on SOM and they complement 
agronomic assessments of environmental N losses that demonstrate N2O and NO3 emissions 
exponentially increase when agronomic optimum N is surpassed.  
Introduction 
Maize-based cropping systems cover over 39 million ha in the US (USDA-ERS, 2012) and 
represent an enormous stock of actively managed soil organic carbon (SOC). However, the status 
of SOC balances in maize systems is uncertain. Positive, negative, and neutral balances are 
reported (Khan et al., 2007; Adviento-Borbe et al., 2007; David et al., 2009; Senthilkumar et al., 
2009).  Perhaps the greatest factor affecting SOC balances in maize-based cropping systems is 
nitrogen (N) fertilizer application (Cassman, 1999). Nitrogen fertilizer is applied to ~95% of the 
Midwest US maize crop at an average rate of 148 kg N ha-1 y-1 (USDA-ERS, 2012). Nitrogen 
fertilizer can increase SOC by increasing crop residue (organic matter) inputs to the soil or 
decrease SOC by increasing C mineralization (Russell et al., 2009). Although the net effect of 
inorganic N fertilizer on SOC is highly debated (Robertson et al. 2013), inorganic N fertilizer 
typically has a positive effect on SOC when not applied in large excess beyond crop demand 
(Alvarez, 2005; Russell et al. 2009). 
In the absence of inorganic N fertilizer, a positive effect of organic matter (OM) inputs (manure 
or crop residues) on SOC is frequently observed and represented in process-based models with 
linear first-order kinetics so that SOC increases in constant proportion to OM inputs (e.g., 
Paustian et al., 1997). These models suggest an infinite potential for SOC accumulation. 
However, in some long-term experiments with high initial SOC, broad ranges of OM inputs do 
not produce differences in SOC storage across treatments or time (Reicosky et al., 2002; Soon, 
1998; Huggins & Fuchs, 1997; Huggins et al., 1998). These results led to the concept that soils 
have a finite capacity to store SOC, termed ‘C saturation’ (Six et al., 2002).   
Two models have been developed to describe C saturation dynamics (Stewart et al. 2007). A 
one-pool whole-soil C saturation model suggests soils have a finite C storage capacity and the 
efficiency of C storage decreases with increasing input. Alternatively, a two-pool model suggests 
soils contain two distinct C pools: A stable (protected) pool that saturates and a labile 
(unprotected) pool that does not saturate. The stable pool includes SOC fractions that are 
physico-chemically protected from mineralization through mineral-association and micro-
aggregation (Jastrow et al., 1996; Sollins et al., 1996; von Lützow et al., 2008). The labile pool 
includes SOC that is not mineral-associated or occluded within micro-aggregates and thus has no 
physical limit on accumulation. However, the labile pool is easily mineralized and typically a 
small proportion of total SOC in annual cropping systems. In the two-pool model, the transfer 
efficiency of decomposition products from labile to stable pools decreases in proportion to 
amount of C in the stable pool; OM inputs that are not transferred to the stable pool accumulate 
in the labile pool or are mineralized (Stewart et al., 2007; Gulde et al., 2008; Castellano et al., 
2012).  
Similar to the two-pool C saturation model which suggests the amount of C in the stable pool  
affects partitioning of new OM inputs among stable and labile pools, inorganic N fertilizer can 
also affect the stabilization and mineralization of new OM inputs. Inorganic N fertilizer can 
enhance microbial C use efficiency which can elevate the conversion rate of plant litter-C to 
mineral-associated C thus increasing SOC independent from the effect of N fertilizer on the 
quantity of crop residue inputs (Kirkby et al., 2013). In contrast, N fertilizer can increase C 
mineralization (Salinas-Garcia et al., 1997) and decrease aggregate-protected C by increasing 
aggregate turnover rate (Fonte et al., 2009; Chivenge et al., 2011; Plaza et al. 2013). Importantly, 
soil microbes play a critical role in both these processes and N fertilizer can alter microbial 
biomass and microbial community composition (Liebig et al., 2002; Liang et al., 2010; Ramirez 
et al., 2012). 
Together, these data suggest OM inputs, C saturation status, and N fertilizer rate interact to affect 
SOC storage and the partitioning of SOC among labile and stable pools. However, the relative 
importance of these factors and the balance between positive and negative effects of N fertilizer 
on SOC stabilization is unknown, particularly with direct reference to agronomic optimum N 
inputs as empirically determined from long-term yield response to N fertilizer (i.e., N maximizes 
yield and crop residue production, but does not exceed crop demand). Our objectives were to 
evaluate C saturation concepts as well as the net effect of N fertilizer rate on SOC storage 
through its effects on crop residue inputs and SOC storage in physico-chemically protected and 
unprotected pools. To accomplish these objectives we used a continuous maize cropping system 
that received one of five N fertilizer rates (0-269 kg N ha-1) annually for 13 years while all other 
nutrients and pH were managed for optimum production.  The site was well suited to address our 
objectives because it included three N rates that were insufficient to maximize crop production, 
one rate within 6 kg N ha-1 y-1 (4%) of agronomic optimum N rate, and one rate that provided a 
large excess of inorganic N fertilizer (61 kg N ha-1 y-1) beyond agronomic optimum.  
Materials and methods 
Site Description and Experimental Design 
The study site was established in 1999 on the Iowa State University Research Farm (42°0′38″ N, 
93°47′19″ W). Soil classification was Typic Hapludoll, Clarion soil series. Research plots were 
maintained in continuous-maize with fall chisel plow to ~30 cm and spring disk/field cultivated 
tillage. Plots contained six maize rows in a 4.5 m by 15.25 m area with an average density of 
~76,000 plants ha-1 over the duration of the experiment; however, commensurate with agronomic 
advances, plant density has increased over time with the release of new maize hybrids to a 
present density of ~85,000 plants ha-1. Five N application rates were applied in a randomized 
complete block design with four replications (N = 20). Experimental blocks were designed to 
account for landscape variations that affected soil organic matter. Nitrogen rates were maintained 
in the same plot location each year. Nitrogen was applied annually either pre-plant in the spring 
or mid-May within two weeks after planting. Application rates included 0, 67, 135, 202, 269 kg 
N ha-1 y-1 and were applied as pre-plant broadcast urea or urea-ammonium nitrate solution (32% 
UAN) sidedressed in subsurface bands (1.5 m spacing). After grain harvest, crop residue was 
tilled into the soil by fall chisel plowing with secondary disk and field cultivation for seedbed 
preparation, creating a C input gradient across treatments. This tillage management strategy is 
commonly practiced in continuous maize production systems in the U.S. Corn Belt. All nutrients 
other than N were maintained for optimum maize production (soil pH, P and K levels were 
tested; lime and fertilizer were applied if needed). The agronomic optimum N rate (AONR) was 
estimated as the join point of a fitted quadratic-plateau regression model (Anderson and Nelson, 
1975) of the mean across years yield data (1999-2011). Prior to 1999 when the N fertilizer rate 
experiment was initiated, the site was managed in various crops such as alfalfa (Medicago sativa 
L.), oat (Avena sativa L.), wheat (Triticum aestivum L.), maize, and soybean [Glycine max (L.) 
Merr.]  from the late 1980s to the early 1990s when it was converted to a continuous maize 
system. Exact years of the change in cropping system are unknown.  
Crop Residue Inputs 
Crop residue inputs were estimated from the average annual grain yield (1999-2011) per N rate 
treatment by assuming a 0.5 harvest index, which evidence suggests is accurate and does not 
vary with N rate (Russell et al., 2009; Lorenz et al., 2010). Belowground residue was not 
included in our estimations of residue inputs because belowground production and root:shoot 
ratio of maize grown across an identical long-term N gradient (0-269 kg N ha-1)  in Iowa did not 
vary with N rate (Russell et al., 2009). Also, the range of root:shoot ratios across the N fertilizer 
gradient in that study was narrow: 0.11-0.12. Because root:shoot ratios did not vary with N rate 
in previous work, including an estimate of belowground production in our results would not alter 
any relationships. Moreover, belowground production in maize is notoriously difficult to 
estimate; in a literature review, Amos and Walters (2006) found that net rhizodeposited root C 
ranged from 5-62% of standing root biomass at crop senescence.  
In addition to the fact that aboveground production accounts for ~90% of total dry matter 
production, it is also likely that aboveground production is a large contributor to SOC at our site 
due to intensive fall tillage that mixes the aboveground crop residues into the top 30 cm of soil 
shortly after harvest (i.e., senescence). Although some recent studies suggest root inputs are the 
dominant contributor to SOC (e.g., Katterer et al. 2011), intimate association between roots and 
the soil matrix has been identified as a potential cause; intensive tillage at our site would promote 
intimate association between aboveground residues and the soil matrix.  
Soil Sampling and General Soil Property Analyses 
In July of 2011, ten soil cores (2.5 diameter x 30 cm depth) from each plot were sampled. We 
selected a depth of 30 cm because it represents the plow layer, which is annually mixed in this 
study’s tilled systems. Soil samples were only taken within the three center rows of the six row 
plots to avoid border rows and any possible N or crop reside movement across plots. Three cores 
were used to determine bulk density. After bulk density measurement, all ten cores were passed 
through an 8 mm sieve and air-dried.  Subsequently, the soil was homogenized and a portion was 
ground for quantification of plant-available phosphorus (Bray-P1) and pH (1:1 soil: water ratio). 
Bray-P1 analysis was conducted at the Iowa State University Soil and Plant Analysis Laboratory.  
The portion of soil not ground was used for textural analysis with the method of Kettler et al. 
(2001). The remaining soil from the homogenized cores was used for fractionation procedures 
detailed below.  
Fractionation Procedure 
The fractionation procedure (supplementary materials) follows Gulde et al. (2008), with a slight 
modification in the light fraction (LF) removal.  Instead of removing the LF after wet-sieving, 
the LF was removed during wet-sieving.  This procedure isolated water-stable aggregates by 
wet-sieving, and then further fractionated large and small macroaggregates to isolate POM and 
silt and clay fractions within these aggregates.   
Water-stable Aggregate Isolation and Light Fraction Removal 
Isolated water-stable aggregate fractions included: large macroaggregates (LM), small 
macroaggregates (SM), free microaggregates (Free-m), and free silt and clay (Free-SC).  
Diameters of these fractions are ˃ 2000 µm, 250-2000 µm, 53-250 µm, and ˂ 53 µm, 
respectively. Briefly, about 100 g of composite air-dry soil was slaked for five minutes prior to 
wet-sieving.  After slaking, the soil was agitated over a 2000 µm sieve by re-submerging the 
sieve into water 50 times over two minutes. The LF, or any floating residue, was removed at this 
step with a net, and any soil remaining on the sieve was washed into a drying pan and dried at 
65⁰C overnight.  The procedure was repeated by agitating the remaining soil over a 250 µm and 
a 53 µm sieve by the same procedure.  Return in soil mass after the wet-sieving process averaged 
99.22 % (±0.63) and ranged from 99.12-100.49 % of total soil.  All aggregate fractions were 
corrected for sand and LF.   
Large and Small Macroaggregate Fractionation 
We isolated microaggregates within macroaggregates (i.e., inter-microaggregates (inter-m)), with 
the protocol outlined by Six et al. (2000).  Briefly, 10-15 g of macroaggregates were slaked for 
15-20 min before being exposed to minor abrasion mechanical shaking in running water with 50 
glass beads.  This was done over a 250 µm sieve to collect coarse particulate organic matter 
(CPOM) that was within macroaggregates.  All soil < 250 µm ran through the sieve and was 
collected in a receptacle equipped with a 53µm sieve.  The wet-sieving procedure, as mentioned 
above, was done on the soil collected on this sieve.  This procedure separated the inter-
microaggregates from the silt and clay that was within macroaggregates, but not within 
microaggregates (i.e., inter-silt and clay (inter-SC)).  All fractions isolated with this procedure 
were oven-dried at 60⁰C.       
Inter-microaggregate Fractionation 
To disperse inter-microaggregates, which consist of fine intra-aggregate particulate organic 
matter (fiPOM) encrusted with silt and clay (i.e., intra-silt and clay (intra-SC)), samples were 
shaken in 0.5 % sodium hexametaphosphate ((NaPO3)6) at a 1:3 ratio (soil:liquid; v,v) for 12 h.  
Dispersed samples were washed through a 53 µm sieve to separate fiPOM from intra-SC.  All 
fractions isolated with this procedure were oven-dried at 60 ⁰C.     
Density Flotation 
Sodium polytungstate (Na6[H2W12O40]) at a density of 2.3 g cm-3 was used to remove sand 
contamination from the CPOM (sand > 250 µm) and fiPOM (53 µm < sand < 250 µm) fractions.  
A density flotation at 1.85 g cm-3 was also used to remove fPOM from the Inter-m fraction 
before dispersion.  Briefly, samples were added to sodium polytungstate at the desired density 
with a 1:3 ratio (soil:liquid; v,v). Suspended soil within the solution was gently stirred once to 
ensure light material trapped below dense material was released and left to settle overnight.  
After settling overnight, floating material was aspirated from the surface by vacuum filtration 
using a 20 µm nylon mesh filter.  Any remaining sodium polytungstate was washed off with 
deionized water 7-10 times before oven-drying at 60 ⁰C.   
Carbon and Nitrogen Measurement and Interpretation 
Carbon and N content were determined with a dry combustion elemental analyzer for the whole 
soil, water-stable aggregates, free-SC, CPOM, fPOM, fiPOM, Inter-SC, and Intra-SC.  We 
interpreted C concentrations for each fraction as a percent of whole soil C (g fraction C kg-1 
whole soil).  When evaluating C saturation dynamics, we also interpreted C concentrations 
within individual free-SC, inter-SC, and intra-SC fractions (g fraction C g-1 fraction) because silt 
and clay, unlike aggregates, do not have the ability to increase in proportion of the whole soil on 
timescales relevant to management.  Instead, silt and clay have a relatively finite capacity to 
stabilize C (Hassink & Whitmore, 1997).   
Soil organic C associated with CPOM and fPOM were considered unprotected or labile since 
they are located inside macroaggregates, which are destroyed upon relatively minor soil 
disruption. If not incorporated into microaggregates, these POM fractions lack long-term 
physical protection (Six et al., 2000). Soil organic C associated with free-m, free-SC, fiPOM, 
Inter-SC, and Intra-SC were considered protected or stable pools. We quantified the amount of 
unprotected C by summing C from CPOM and fPOM located within large and small 
macroaggregates.  The remaining C within the macroaggregates, along with the C from free-m 
and free-SC, represented the protected pool. For each macroaggregate class, the fiPOM:CPOM 
ratio was calculated as a proxy for aggregate turnover (Six et al., 2000).     
In addition to physical fractionations, we also measured potentially mineralizable C during 
laboratory incubations (Robertson and Paul 1999). For these analyses, 10 g of soil that was used 
for physical fractionation procedures (air dried, 8 mm sieved) was brought to 60% water holding 
capacity and incubated in the dark for 30 d at 22 OC. Water content was maintained daily and 
CO2 headspace accumulation was measured with an infrared gas analyzer at days 1, 2, 3, 5, 7, 
10, 19, 22, 25 and 30. Between each measurement the headspace was flushed. Cumulative CO2 
flux was calculated with linear interpolation and numerical integration.   
Microbial Sampling and Analysis 
Fatty Acid Methyl Ester (FAME) analysis was used to determine total soil microbial biomass 
and community composition (Grigera et al., 2007a).  In 2012, soil samples were taken from the 
field site in a similar fashion to those sampled for physical fractionation except that samples 
were passed through a 4mm sieve upon returning to the laboratory and then immediately frozen.  
Briefly, 10 ml of 0.2 M potassium hydroxide (KOH):methanol (MeOH) (1:1, v/v) was added to 
5g soil samples and placed into a water bath at 37 °C for 1 hour, shaking occasionally.  Extracted 
fatty acid methyl esters were dissolved (after being dried under N2 gas) in hexane (C6H14) 
containing the fatty acid internal standard C19:0 before inserting 50 µl aliquot to the conical gas 
chromatograph vial.  Biomarkers for bacteria included, iC14:0, iC15:0, aC15:0, C15:0, iC16:0, 
i10MeC17:0, C17:1, iC17:0, aC17:0, C17:1c9, C17:0, 10MeC19:0, cyC19(9,10), and 
cyC19(11,12). Biomarkers for fungi differentiated between saprophytic fungi and arbuscular 
mycorrhizal fungi (AMF). The biomarkers C18:2c9 and C16:1c11 were used to represent 
saprophytic fungi and AMF, respectively. Total microbial biomass was estimated by summing 
nmol g-1 FAMEs representing bacteria, AMF, and saprophytic fungi.   
Statistical Analyses  
All statistical tests were performed with SAS 9.2 (SAS Institute, Cary, NC). Large and small 
macroaggregates contained three types of POM (CPOM, fPOM, fiPOM), and although there are 
documented distinctive characteristics among POM fractions (i.e. CPOM vs. fiPOM; Six et al., 
2000), it is not clear if the originating aggregate size class adds distinctiveness (i.e. large 
macroaggregate CPOM vs small macroaggregate CPOM).  Large and small macroaggregates 
were also fractionated into two types of silt and clay fractions, and similarly, it is not clear if 
there is distinctiveness between these fractions (i.e. Inter- vs. Intra-SC) or among originating 
aggregates (i.e. Large macroaggregate Inter-SC vs. Small macroaggregate Inter-SC). We tested 
for differences between POM and SC between large and small macroaggregates with an 
ANOVA model that included the fraction and the originating aggregate as fixed categorical 
factors.  In both cases, statistical results showed distinctiveness was present between fractions 
(i.e., CPOM vs. fPOM vs. fiPOM and Inter vs. Intra SC), but the originating aggregate did not 
matter. Therefore, data from large and small macroaggregate classes were combined (N=40).   
Relationships between the dependent variables (C and N concentrations, C:N ratios and 
microbial biomass) and independent variables (N fertilizer rate and crop residue input) were 
analyzed with linear and nonlinear regression models. The best fit equation (linear vs. non-
linear) was based on the lowest sum of squares error. To test for linear relationships as well as 
significant differences among regression coefficients or slopes the SAS REG procedure was 
used. To test for nonlinear exponential relationships, the SAS NLIN procedure was used. The 
SAS NLIN procedure was also used to fit a quadratic model to the relationship among yield and 
N fertilizer rate as is the standard procedure in soil fertility literature (e.g., Cassman and Plant, 
1992). The R values were calculated for nonlinear relationships with the following equation:  R = 
√(1- SSE/SST), where SSE is the sum of squares error and the SST is the sum of squares of the 
corrected total (Kvalseth, 1985).  It is important to note that all regression analyses were 
computed with all data points (N = 20 plots); however, figures display only the means and 
standard errors from each of the five N rates for visual clarity.   
Results 
General soil properties 
Bulk density and soil texture did not significantly differ among N applications (Table 1). Plant 
available (Bray) P (mean ± standard error) averaged 34 ppm (±4.5) and all plots were above the 
agronomic optimum P soil test level (0-30cm) for maize production in Iowa (Sawyer et al., 
2002). Soil pH averaged 6.03 (±0.12) and all plots were within the agronomic optimum for the 
Clarion soil series in Iowa (Sawyer et al., 2002).   
Crop Residue Input  
Average annual aboveground crop residue production ranged from 3.60-9.94 Mg dry matter ha-1 
y-1, and significantly increased with N application (Fig. 1).  The relationship between crop 
residue production and N rate was fit to a quadratic model (Table 1 and Figure 1).  Based on 
yield data from 1999-2011, the agronomic optimum N rate (AONR) during those years was 208 
kg N ha-1 with a corresponding residue production of 9.77 Mg dry matter ha-1.   
Soil Carbon and Nitrogen Fractions 
Total SOC ranged from 16.22-24.49 g C kg-1 soil among individual plots and did not increase 
with N rate or crop residue input (Table and Figure 1).  The C:N ratios for the whole soil, 
protected organic matter within macroaaggregates, free-m, free-SC, inter-SC, and intra-SC did 
not differ among N rates (Figure 2).  Means and standard errors for these C:N ratios were 11.9 
(±0.2), 13.2 (±1.1), 12.7 (±0.1), 11.1 (±0.1), 10.9 (±0.1), and 11.4 (±0.1), respectively.  
Particulate organic matter C:N ratios ranged from 25.2-14.7, 28.4-14.4, and 16.8-13.9 for 
CPOM, fPOM, and fiPOM, respectively (Figure 3). All POM fraction C:N ratios significantly 
decreased with N application, but the slopes of these relationships significantly differed. The 
regression coefficient for CPOM was greater than both fPOM and fiPOM, but regression 
coefficients did not differ between fPOM and fiPOM (Figure 3).  In addition, average POM C:N 
ratios decreased in the following order: CPOM > fPOM, > fiPOM.  Because the effect of N 
application rate on C:N ratios was limited to the POM fractions, we focus all further analyses on 
relationships with crop residue input rather than N application rate.   
The proportions of water-stable aggregate classes did not differ across crop residue input levels.  
Aggregate class means were 2.14 (±0.38), 28.67 (±0.96), and 22.89 (±0.93) g 100 g-1 soil for 
LM, SM, and free-m, respectively.  The mass of free-SC averaged 8.20 (±0.29) g 100 g-1 soil and 
also did not differ across crop residue inputs (Table 2).   
The protected SOC pool, on a whole soil basis (mass of fraction in whole soil*fraction C 
concentration), did not significantly differ for any fraction across crop residue inputs.  Protected 
classes averaged 0.49 (±0.11), 5.13 (±0.33), 4.48 (±0.24), and 1.78 (±0.06) g C kg-1 whole soil 
for LM, SM, free-m, and free-SC, respectively.  Note that CPOM, and fPOM are not included in 
protected fraction calculations, and also that all fractions are corrected for sand and LF (although 
inclusion of these relatively small amounts of C did not affect our results). In addition, average 
protected SOC stored in each fraction decreased in the following order:  SM > free-m > free-SC 
> LM (Figure 3).   
In contrast to the protected SOC pool, the unprotected SOC pool (sum of CPOM and fPOM) 
increased with crop residue input (Figure 4).  Among individual plots, unprotected C ranged 
from 0.2111-0.5360 g C kg-1 whole soil.  After fractionating the soil into 12 fractions and 
summing the C from each, the calculated value for whole soil C was very similar to the actual 
value of whole soil C. There was a difference of 0.0123 g C kg-1 soil with standard errors of 
0.5085 and 0.4903 for actual and calculated values, respectively.   
Although there was no effect of crop residue input on the fiPOM:CPOM ratio for SM, the 
fiPOM:CPOM ratio for LM did increase with crop residue input (Figure 5).  Among individual 
plots, LM fiPOM:CPOM ratio ranged from 0.1451-1.2516. 
There were no significant differences in C concentrations within free-SC fractions across crop 
residue inputs, and averaged 21.72 g C kg-1 free-SC (±0.2104).  Carbon concentration of silt and 
clay fractions held within macroaggregates (Inter- and Intra-SC), however, increased with crop 
residue input (Figure 6). Among individual plots, C concentrations for inter- and Intra-SC ranged 
from 22.06-28.28 and 15.46-31.98 g C kg-1 SC, respectively.   
Although we did find small increases in unprotected SOC with crop residue inputs, there was no 
relationship between potentially mineralizable SOC and crop residue input or N fertilizer rate. As 
crop residue inputs increased from the lowest to highest N fertilizer rate (Figure 1), 30 d 
potentially mineralizable C was: 283, 295, 334, 297, and 332 mg C kg soil-1. Normalizing these 
data to total SOC (mg potentially mineralizable C kg-1 total SOC) had no effect.   
Microbial Biomass and Community Composition 
Lipid abundance, among all plots, ranged from 29.65-50.50, 6.75-10.52, and 20.05-34.89 nmol g-
1 soil for bacteria, AMF, and saprophytic fungi, respectively (Figure 7). Bacteria increased, but 
AMF decreased with crop residue input. Saprophytic fungi did not change across crop residue 
input rates. The increase in bacterial populations was not enough to compensate for the decrease 
in AMF populations, however, and total microbial biomass decreased exponentially with crop 
residue input.  Total microbial biomass ranged from 53.16-76.14 nmol g-1 soil. Although the 
decrease in total microbial biomass with crop residue input was best fit by an exponential decay 
model, this relationship was driven by the four data points from plots receiving zero N 
application; if these data were removed from the analysis, there was no relationship (linear or 
exponential) between crop residue inputs or N fertilizer and total microbial biomass. In contrast, 
within bacteria and AMF, removal of data points from plots receiving zero N application from 
the analysis did not eliminate the significant linear relationships between AMF biomass and crop 
residue inputs or bacterial biomass and crop residue inputs.   
Discussion 
Despite 13 years of N fertilizer application and aboveground crop residue inputs that ranged 
from 3.60-9.94 Mg dry matter ha-1y-1, we found no differences in total SOC or physico-
chemically protected SOC fractions. These results suggest that either: i) N fertilization 
concurrently increased crop residue inputs and SOC mineralization (Russell et al., 2009) or ii) 
soils were effectively C-saturated given the current management and climate (Six et al., 2002; 
Stewart et al., 2007). We cannot say with certainty that soils were effectively C saturated 
because there was no sampling at the initiation of the experiment. However, our data are 
consistent with the two-pool C saturation model that posits unprotected SOC fractions increase 
linearly with organic matter inputs when protected fractions are saturated (Stewart et al., 2007). 
Furthermore, data from our soil fractionation procedures and potentially mineralizable C assay 
suggest that N fertilizer has relatively little effect on SOC.   
Soil Organic Carbon Storage 
Protected SOC fractions did not differ across the range of crop residue inputs (Figures 3 and 4) 
and differences in the amount of C represented by each fraction in the protected pool were 
associated with differences in their mass proportion of the whole soil rather than differences in C 
concentrations within each fraction (Table 2). Although C concentrations of Inter-SC and Intra-
SC significantly increased with crop residue inputs (Figure 6), these increases were extremely 
small when scaled to a whole soil basis (<1% of total SOC). Together, these data suggest 
protected fractions cannot accumulate more SOC under current management practices. Thus, we 
expect that further increases in C inputs to these soils could only increase unprotected SOC 
fractions. Nevertheless, unprotected fractions were relatively minor contributors to total SOC 
(1.93-3.35%), which is one reason why we observed no differences in total SOC (Figure 2). High 
variability in SOC stocks may have also contributed to the lack of observed significant 
differences in total SOC stocks (Kravchenko & Robertson 2011). However, potentially 
mineralizable C, which responds more quickly to changes in management than total SOC, also 
exhibited no differences across treatments.      
The lack of SOC data from experiment initiation in 1999 precludes determination of whether 
SOC stocks were increasing, decreasing or in equilibrium. However, Russell et al. (2006) 
reported 0-15 cm SOC stocks at a site 100 km to the north and on the same soil series. The site 
was managed in continuous maize with treatments receiving 0, 90, 180 or 270 kg N ha-1 y-1 for 
47 years. Although the authors found no difference in SOC stocks across N fertilizer rates in 
2002, measurements of change in SOC stocks from 1990-2002 determined that SOC stocks at 
the zero N fertilizer rate were not changing while SOC stocks at the 180 kg N ha-1 y-1 fertilizer 
rate were increasing by ~0.6 Mg C ha-1 y-1. These data are not directly comparable to our study 
because we sampled from 0-30 cm. However, soil sampling at our site from 0-15 cm in 2009 
produced similar data: Russell et al. (2006) reported a range of SOC stocks from 42.4-51.3 Mg C 
ha-1 while we observed a range of 37.2-50.0 Mg C ha-1 (Castellano and Sawyer unpub. data). 
Although the range of SOC data at our site was large, it was partially accounted for by the 
blocking factor in our experimental design: compared to the range of SOC across all blocks (12.8 
Mg C ha-1), the range of SOC within bocks was 3.2-7.8 Mg C ha-1. Because agronomic 
management in Russell et al. (2006) and our study were nearly identical, we speculate that 
treatments in our study with crop residue inputs greater than Russell et al. (2006 & 2009) may 
have neutral or increasing SOC stocks.  
Nitrogen Fertilizer Rate Effect 
The C:N ratios of protected and unprotected fractions indicated little effect of N fertilizer rate on 
SOC (Figure 2). Due to the flexible stoichiometry of plants, maize residue C:N ratios decrease 
with increasing N application. Across the identical N fertilization gradient studied by Russell et 
al. (2009), maize residue C:N ratios decreased from ~80 to ~30.  
Our data were consistent with this pattern; the C:N ratio of POM, which is dominated by 
recognizable plant residues, decreased with N fertilizer rate. However, the effect of N fertilizer 
rate on POM C:N ratios decreased from the least decomposed POM fraction to the most 
decomposed POM fraction so that the range of C:N ratios across N application rates narrowed 
with each step of decomposition from CPOM to fPOM and fiPOM. The slope of the relationship 
between N fertilizer input and POM fraction C:N ratios significantly decreased from CPOM to 
fPOM by 64%, and from fPOM to fiPOM by 52% (see Figure 2 caption). 
Across the N fertilizer rates, the range of C:N ratios spanned 4.8 units for CPOM, 1.7 units for 
fPOM, and 0.5 units for fiPOM. Moreover, there was no effect of N fertilizer rate on C:N ratios 
of protected fractions or total SOC. At the highest N fertilizer rate, which provided 61 kg N ha-1 
y-1 in excess of the AONR, SOM C:N ratios in protected and unprotected fractions were similar 
to those in the treatment that was fertilized within 4% (6 kg N ha-1 y-1) of the AONR.  
In general, these results suggest that the effect of N fertilizer on SOC is largely limited to the 
least decomposed POM fraction (CPOM), which accounts for <5% of total SOC. Although the 
relationships between N fertilizer, fPOM and fiPOM were statistically significant, it is 
questionable whether ranges in C:N ratios of 1.7 and 0.5 are ecologically relevant given the large 
variability in C:N ratios within and among plants and the relative importance of various 
environmental factors controlling microbial physiology. Moreover, in the absence of N fertilizer 
application (0 kg N ha-1 y-1 treatment), C:N ratios decreased approximately 2.3 units as CPOM 
decomposed to fPOM and 2.9 units as fPOM decomposed to fiPOM. These decreases in POM 
C:N ratios, as decomposition proceeds from fPOM to fiPOM (within the 0 kg N ha-1 y-1 
treatment), are greater than the decrease in C:N ratios within fPOM and fiPOM fractions across 
the N fertilizer gradient. Thus, as POM is decomposed beyond CPOM, the C:N ratios of fPOM 
and fiPOM appear to be more affected by the level of decomposition than by N fertilizer rate or 
initial residue C:N ratio because the decrease in C:N ratio from one POM fraction to the next 
within N fertilizer rates was greater than the decrease in fiPOM C:N ratio across the N fertilizer 
rate gradient. As organic matter inputs decomposed from CPOM to fPOM, and fiPOM, and 
subsequently stabilized in silt-clay adsorbed pools, the C:N ratio of these pools progressively 
narrowed towards the C:N ratio of microbial biomass. This pattern supports two key aspects of 
physico-chemically-based models of SOC dynamics: i) POM is increasingly processed by 
microbes as it is degraded from CPOM to fPOM and fiPOM; and ii) microbes decompose POM 
and the products of this process are transferred to silt/clay adsorbed SOM pools (Grandy & Neff 
2008; Plaza et al. 2013).  
Microbial Biomass and Community Composition 
Similar to SOC concentrations and C:N ratios in physico-chemically protected fractions, the rate 
of N fertilizer application had little effect on microbial biomass: microbial biomass was 15-16% 
lower in N-fertilized plots regardless of the N fertilizer rate. This is consistent with a meta-
analysis of 82 published studies where soil microbial biomass declined under N fertilization 
(Treseder, 2008). In contrast to total microbial biomass, bacterial biomass linearly increased 
across the crop residue input gradient while saprophytic fungi were unresponsive. It is difficult to 
speculate whether this pattern in abundance was affected by crop residue or N inputs (because N 
inputs produced the increase in crop residue). However, the biomass of bacteria was virtually 
identical among plots that received very different N rates (202 & 269 kg N ha-1 y-1) but similar 
residue inputs (9.59 & 9.94 Mg dry matter ha-1 y-1) suggesting residue inputs and the associated 
increase in unprotected carbon may have led to the increase in bacterial biomass. The lack of 
differences in protected SOM fractions (particularly between 0 and 269 kg N ha-1 y-1 fertilizer 
rates where microbial biomass and composition were very different) are consistent with the 
recent finding that microbial residue source and biochemistry does not have a large impact SOC 
storage (Throckmorton et al., 2012). 
Nitrogen fertilization is known to reduce AMF biomass in soil (Bradley, 2006, Jeske, 2012), 
which is consistent with our study where AMF linearly declined across the crop residue/N input 
gradient. Because AMF are obligate plant symbionts, their behavior is largely dependent on plant 
C allocation (Fitter, 2006) and residue inputs would impact AMF indirectly through habitat and 
nutrient modification. Thus, it is difficult to speculate whether the decline in extramatrical AMF 
biomass along the crop residue/nitrogen input gradient stems from plant resource allocation or 
fungal response to increased N availability. 
Aggregate Dynamics 
Soil aggregate fractions remained relatively unchanged with crop residue and N fertilizer inputs. 
This was unexpected given the large decline in AMF biomass, a known contributor to aggregate 
formation (Strickland & Rousk, 2010), with N fertilizer addition. Because the AMF lipid 
biomarker is confined to the ‘active portion’ of the fungus, it may not truly represent the totality 
of AMF biomass in the soil that is important to aggregation (Grigera et al., 2007b). Fungal 
abundance, however, is only one of many factors that affect soil aggregation (Wilson et al., 
2009).  Crop residue inputs are also known to benefit aggregation and a potential positive effect 
on aggregation caused by the 176% increase in crop residue inputs across the N fertilizer 
gradient may have been sufficient to negate any negative effect of the 69% decrease in AMF.  
Although SOC levels in the total soil and aggregate fractions did not differ with crop residue 
inputs, the increase in LM fiPOM:CPOM ratio with increasing crop residue input (Figure 5) 
suggests aggregation improves very slightly with residue input. The fiPOM:CPOM ratio is a 
proxy for aggregate turnover rate; high fiPOM:CPOM ratios indicate macroaggregate turnover 
rates are slower and there is more opportunity for fiPOM stabilization within microaggregates 
(Six et al., 2000). Over time, this process may slowly increase SOC levels by increasing the 
proportion of LM and free-m. In our results, however, an increase in the fiPOM:CPOM ratio is 
not accompanied with an increase in LM or free-m likely because LM represented a very small 
proportion of the total soil (1.43-3.31 g 100 g-1 soil) and the treatments were only in place for 13 
years at the time of sampling. It is possible that slower LM turnover may eventually increase 
microaggregates and fiPOM occluded therein, but the timescale to such an increase is likely 
irrelevant to management.  
Soil organic C concentrations in the Free-SC fraction did not differ among crop residue input 
levels, suggesting this fraction is effectively C-saturated. In contrast, SOC concentrations in the 
SC fraction that were trapped inside aggregates (Inter-SC and Intra-SC) increased with 
increasing crop residue input levels (Figure 6). These data demonstrate that the ‘effective soil C 
stabilization capacity’ or ‘effective C saturation’ (sensu Stewart et al., 2007) of SC particles 
within aggregates is higher than free SC particles (Liao et al. 2006; Plaza et al. 2013). This is 
consistent with the concept that a change in management could increase the point at which 
protected SOC fractions become saturated (i.e., the point of effective soil C saturation).  
Managing N fertilizer inputs and SOC 
Although many reports examine the effect of N fertilization on SOC in agronomic systems, they 
do not empirically determine whether experimental N rates were agronomically insufficient, 
optimum or excessive (Russell et al., 2005, 2009; Alvarez, 2005; David et al., 2009). This 
information is critical because crop residue input levels are the source of SOC: if work is limited 
to a gradient of N rates that are agronomically insufficient, one might expect a positive effect of 
N fertilizer on SOC due to the positive effect of N fertilizer on crop residue inputs. In contrast, if 
work is limited to a gradient of N rates that are agronomically excessive, there is greater 
likelihood of a negative effect of N fertilizer on SOC because in this scenario N fertilizer does 
not increase crop residue inputs. However, the AONR is highly variable and can only be 
determined post hoc from an experiment that includes a broad N fertilizer gradient (Sawyer et 
al., 2006; Robertson & Vitousek 2009). We report the first agronomic assessment of N fertilizer 
effects on SOM that is directly based on empirically determined, long-term optimized N rates.  
After 13 years of an N fertilizer rate that provided 61 kg N ha-1 y-1 above the AONR, we 
observed no negative effects of this excess N on SOC pools or microbial communities (compared 
to the rate near the AONR). Although POM, Inter-SC, and Intra-SC organic C and N pools 
increased with N fertilizer rate, the increase in these pools across N fertilizer rates (~40-80 kg N 
ha-1)  accounted for a small amount of total SOC/N that was far less than the cumulative amount 
of excess N fertilizer application (793 kg N ha-1). Moreover, there were no differences in the size 
of these pools between the AONR and excessive N rate. Given that we could not detect the 
excess N in SOM pools, it likely that significant portions were lost to the atmosphere and subsoil 
leaching. Accordingly, these data complement agronomic assessments of environmental N losses 
that demonstrate nitrous oxide and nitrate losses exponentially increase when the AONR is 
surpassed (Lawlor et al., 2008; Van Groenigen et al., 2010).  
The lack of detectable differences in SOC despite 13 years of crop residue inputs that ranged 
from 3.60-9.94 Mg dry matter ha-1y-1 has important implications for the modeling and 
management of SOC stocks. These data underscore recent suggestions that ecosystem process 
models should incorporate the C saturation concept (Stewart et al., 2007). Although it is 
generally accepted that N fertilizer and manure applications cannot result in net SOC 
sequestration due to the C emissions associated with the production of those inputs (Schlesinger 
2000), our results raise an important question: In the absence of N fertilizer additions, can 
increases in organic matter inputs increase SOC storage in intensively managed Midwest US 
continuous maize systems? Our results suggest that meaningful SOC increases in intensively 
managed continuous maize systems may be difficult to achieve at current levels of crop residue 
production.  
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Table 1. Spatial means and standard errors of general soil properties sampled in 2011 and temporal mean and standard error of grain yield 
(1999-2011).   
 
Nitrogen 
application 
kg ha-1 y-1 
Grain Yield 
Mg ha-1 y-1 
Total  
Organic 
Carbon g C 
kg soil-1 
Total 
Nitrogen g N 
kg soil-1 
Whole Soil 
C:N  
Bulk 
Density g 
cm-3 
Texture - 
Sand g 100 g 
soil-1 
Texture - 
Silt g 100 g 
soil-1 
Texture - 
Clay g 100 g 
soil-1 
0 3.60       
±0.24 
17.97       
±0.72 
1.53          
±0.04 
11.76       
±0.22 
1.07       
±0.04 
38.58         
±1.65 
35.92     
±0.52 
25.50         
±1.18 
67 6.96       
±0.04 
19.10       
±1.77 
1.62          
±0.12 
11.79       
±0.46 
1.08       
±0.04 
36.15       
±2.21 
37.37       
±1.61 
26.48          
±0.79 
135 9.01       
±0.13 
19.36      
±0.89 
1.65          
±0.11 
11.77       
±0.32 
1.00       
±0.04 
37.47         
±1.36 
36.42       
±1.16 
26.11          
±1.27 
202 9.59       
±0.09 
20.53     
±1.37 
1.64         
±0.10 
12.52       
±0.37 
1.06       
±0.02 
36.37         
±3.14 
37.83       
±2.07 
25.80          
±1.14 
269 9.94       
±0.11 
19.80       
±1.03 
1.67         
±0.08 
11.87       
±0.30 
1.13       
±0.03 
37.28        
±2.25 
36.14       
±0.84 
26.58          
±1.52 
 
 
 
 
 
 
 
 Table 2. Means and standard error for the total mass proportion aggregate classes and free silt and clay of the whole soil.  There no significant 
differences among N rates for proportions of any aggregate class or free silt and clay.   
 
Nitrogen 
application 
kg ha-1 y-1 
Large 
Macros         
g 100 g-1 soil 
Small Macros  
g 100 g-1 soil 
Free-micros   
g 100 g-1 soil 
Free-SC        
g 100 g-1 soil 
0 1.43       
±0.14 
28.16       
±1.34 
22.40          
±0.73 
8.95         
±0.59 
67 1.19       
±0.19 
31.32       
±2.09 
21.23          
±3.84 
6.95         
±0.56 
135 2.34       
±0.65 
29.57        
±3.22 
22.36          
±2.50 
7.91         
±0.57 
202 2.46       
±1.23 
28.39       
±2.27 
24.79         
±1.63 
8.04         
±0.29 
269 3.31       
±1.30 
25.90       
±1.54 
23.68         
±0.87 
9.17         
±0.70 
 
 
 
 
 
 
 
  
 
Figure 1. Crop residue as a function of nitrogen fertlizer application P<0.0001; R=0.99; y=0.0545x-0.0001x2+3.6902 (a); note yield is equivalent to 
residue based on the harvest index assumption of 0.5.  Whole soil carbon concentration was not affected by N fertilizer application rate (b) or 
crop residue input (c).  All error bars represent standard errors (N=4). Symbol shape indicates nitrogen fertilizer rate. 
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 2 
 3 
Figure 2. C:N ratios for POM fractions within small plus large macroaggregates.  Significant linear 4 
relationships were found with nitrogen application rate and CPOM (P<0.0001, R=0.71), fPOM (P=0.0079, 5 
R=0.45), and fiPOM (P=0.0220, R=0.36).  Regression equations for CPOM, fPOM, and fiPOM were:  y=-6 
0.0171x+19.54, y=-0.0061x+18.04, and y=-0.0029x+15.55, respectively and the regression slope 7 
coefficients significantly differed between CPOM and fPOM (P=0.0027) and between CPOM and fiPOM 8 
(P<0.0001).   Error bars represent standard errors. 9 
 10 
 11 
 12 
 13 
  
 14 
Figure 3. There was no significant effect of crop residue on the amount of protected C fractions.  Values 15 
represent protected carbon within macroaggregates (the sum of C from inter-m, inter-SC, and intra-SC), 16 
protected carbon within microaggregates (the sum of free-m and intra-SC), and free protected C (free-17 
SC).  Error bars represent standard errors.  18 
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 24 
 25 
  
 26 
 27 
Figure 4. Unprotected carbon (sum of CPOM and fPOM) was positively correlated with crop residue 28 
input.  Error bars represent standard errors; P=0.0063; R=0.59; y=0.0232x+0.1604.  29 
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 39 
Figure 5. The ratio of fiPOM:CPOM in large macroaggregates increased with crop residue input. Error 40 
bars represent standard errors; P=0.0540; R=0.44; y=0.1901+log1.202x.  41 
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 51 
 52 
Figure 6. Carbon concentration of free silt and clay (free-SC) fractions as well as silt and clay fractions 53 
trapped within aggregates (Inter- and Intra-SC).  There were significant relationships between crop 54 
residue and Inter-SC (P=0.0009, R=0.51) and slightly significant relationships between crop residue and 55 
Intra-SC (P=0.0745, R=0.29). Regression equations for Inter-SC and Intra-SC were:  y=0.3346x+22.47 and 56 
y=0.4909x+20.32, respectively.  Free-SC was not related to crop residue input.  Error bars represent 57 
standard errors. 58 
 59 
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 65 
Figure 7 (a) Microbial biomass (sum of lipid abundance of bacteria, saprophytic fungi, and arbuscular 66 
mycorrhizal fungi) decreased with crop residue input (P=0.0368; R=0.57); regression equation: 67 
y=55.81+30.85(-0.2272x).  (b) Lipid abundance from fatty acid methyl ester analysis for bacteria and fungi. 68 
Bacteria, saprophytic fungi and arbuscular mycorrhizal fungi are displayed.  Crop residue was positively 69 
correlated with bacteria (P=0.0018, R=0.65) lipid abundance and negatively correlated with AMF 70 
(P<0.0001, R=-0.90) lipid abundance.  Regression equations for bacteria and AMF were:  y=1.41x+28.10, 71 
y=-0.6873x+29.44, and y=-3.06x+38.60, respectively. 72 
  
 73 
 74 
Supplementary Figure 1. Laboratory soil organic matter fractionation. The light fraction (LF) 75 
was removed from 8mm sieved whole soil with density flotation.  The heavy fraction (HF) was 76 
then wet-sieved to fractionate water stable aggregate classes (LM=Large Macros, SM=Small 77 
Macros, Free-m=micros) from silt and clay (Free-SC).  Coarse particulate organic matter 78 
(CPOM), microaggregates within macroaggregates (Inter-m), and macroaggregate silt and clay 79 
(Inter-m) were then isolated from LMs and SMs.  A density flotation was used to remove fine 80 
particulate organic matter (fPOM) before microaggregate dispersion.  Dispersion of the Inter-m 81 
mixture then released fine intra-aggregate particulate organic matter fiPOM and silt and clay that 82 
was within Inter-m (Intra-SC).  Density flotations were also used to remove any sand 83 
contamination.     84 
 85 
